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Electrolysis of water to form H2 and O2 and electrocatalytic reduction of CO2 to 
CO have attracted increasing attention these years. To realize a large-scale production of 
H2 and CO, it is critical to develop efficient and earth-abundant catalysts that could 
overcome the slow kinetics of the O2 evolution reaction in water splitting and selectively 
reduce CO2 over the competing H2 evolution reaction. This thesis describes the synthesis, 
characterization, and evaluation of nickel-based heterogeneous and homogeneous 
(molecular) electrocatalysts for water oxidation and CO2 reduction, respectively. The first 
project describes the Fe incorporated ultrathin Ni(OH)2 nanosheets which exhibit 
dramatically enhanced performance in electrocatalytic O2 evolution. The second project 
focus on a molecular Ni complex with a pyridyl biscarbene ligand for electrocatalytic 
CO2 reduction. Compared to those typical Ni complexes with cyclam-derivatized and/or -
analogous tetradentate ligands, our Ni complex showed high selectivity for CO2 reduction 
over the competing H2 evolution reaction.  




Heterogeneous and Homogeneous Nickel-Based Electrocatalysts for Oxygen Evolution 
and Carbon Dioxide Reduction 
Meili Sheng 
The growing global energy demand and the increasing concentration of CO2 in 
the atmosphere have encouraged the development of renewable energy to replace 
carbon-based fossil fuels. Electrocatalytic water splitting to form H2 and O2 and 
reduction of CO2 to CO are appealing processes and we can be directly utilize H2 and 
CO as fuels or commodity chemicals in mature industrial processes, which will not alter 
the current carbon cycle. However, the O2 evolution reaction of water splitting is a 
reaction of four-proton and four-electron transfer process, whose kinetics is very 
sluggish under normal conditions. Similarly, the large-scale deployment of CO2 
reduction is also challenging because of the thermodynamic stability of CO2. The 
thermodynamic potential of CO2 reduction to CO is -0.53 V vs standard hydrogen 
electrode (SHE) at pH 7, while the H2 evolution reaction requires a less negative 
potential of -0.413 V (vs SHE). Therefore, it is imperative to develop CO2 reduction 
catalysts with a particularly high selectivity over H2 evolution reaction in the presence of 
H2O or other proton sources. At present, typical water oxidation and CO2 reduction 
catalysts are mostly based on noble metals. However, practical applications are limited 
by their scarcity. The lack of molecular-level mechanistic understanding of catalytic 
active sites also impedes their further development.   
In this thesis, nickel derived heterogeneous and homogeneous catalysts for O2 
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evolution and CO2 reduction are discussed. Chapter I briefly introduces the significances 
and challenges of water oxidation, CO2 reduction, and reported catalysts with their 
limitations for practical applications. Nickel-based two-dimensional ultrathin nanosheets 
as heterogeneous catalysts for O2 evolution are discussed in Chapter II, wherein Fe 
incorporation shows a great enhancement for catalytic performance. Chapter III presents 
the electrocatalytic CO2 reduction studies of a nickel complex coordinated with a 
pyridyl-biscarbene pincer-type ligand, which exhibits high selectivity for CO2 reduction 
versus H2 evolution. Chapter IV is the final conclusion, including several perspectives on 
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Mother nature uses the energy from the sun, the hydrogen source from water, and 
the green chlorophyll from plants to capture CO2, eventually converts it into fossil fuels 
(coal, oil, and natural gas) over millions of years. Coal, oil, and natural gas are the three 
kinds of fossil fuels that we utilized to support our daily life.1,2 However, the over-
combustion of fossil fuels accompanied by large CO2 release has outpaced nature’s CO2 
recycling capability and caused severe environmental challenges, such as global climate 
change.3-4 
The growing energy demands, depletion of fossil fuel reserves, as well as increasing 
concerns about climate change resulting from the utilization of fossil fuels have driven the 
exploration of green and renewable energy resources.5,6,7 However, many renewable 
energy sources (solar, wind power, etc.) are intermittent, thus, the important requirement 
in the implementation of green and renewable energy is the development of energy storage 
systems.8-11  
A possible direct fossil fuel replacement is to store renewable energy in chemical 
bonds,12-13 for example, hydrogen production from water splitting14-18, and hydrocarbons 
formation from CO2 reduction.
19-22 The stored chemical energy could then be released 
                                                             
1   Adapted with permission from [Nan Jiang, Meili Sheng, Yujie Sun, Chapter 6 in Green Photoactive 
Nanomaterials: Sustainable Energy and Environmental Remediation, Hybrid Molecular–
Nanomaterial Assemblies for Water Splitting Catalysis, ISBN 978-1-84973-959-7.]. Copyright 2016. 
The Royal Society of Chemistry. Reproduced by permission of The Royal Society of Chemistry, 




through oxidation.22-24  
Water splitting consists of the H2 and O2 evolution half-reactions. The H2 
evolution reaction (HER) can readily occur at low overpotential catalyzed by metal 
complexes, metal phosphides, metal chalcogenides, as well as metal free systems.25-28 
Whereas, the O2 evolution reaction (OER) involves several steps and each step has large 
reaction barrier.29-31 For example, at pH 0, the standard potential is 0 V for HER while 
1.23 V for OER vs. normal hydrogen electrode (NHE) (Table 1). As both of these two 
reactions involve H+ or OH-, according to Nernst equation, the potential shifts 59 mV for 
each pH unit increase.32 In order to remove the pH impact on the potential applied, 
reversible hydrogen electrode (RHE) reference has also been introduced, thus at all pHs 
the theoretical potential required for OER is 1.23 V vs. RHE. 
Table 1. Electrolysis of water at pH 0 vs. normal hydrogen electrode (NHE)33 
Reactions  E/V 
HER: 4H+ + 4e− → 2H2 0.00 V 
OER: 2H2O → O2 + 4H
+ + 4e− 1.23 V 
Overall: 2H2O → 2H2 + O2  1.23 V 
 
The correlation between catalytic current density and overpotential can be 
described by the Tafel equation, under kinetic-controlled region:34-35 






log j0 = a + blogj 
3 
 
where R is the ideal gas constant, T is the temperature, F is the Faraday constant, 
α is the charge transfer coefficient, n is the number of electrons transferred (n = 4 for 
OER), j0 is the exchange current density at η = 0 V, j is the current density, and b is the 
Tafel slope.36-37  
The overall water splitting efficiency is significantly decreased by the large 
overpotential and sluggish kinetics of OER. The possibility of large scale production is 
limited by the extra energy dissipated by OER.38  
IrO2 and RuO2 have been identified as the most state-of-the-art OER 
electrocatalysts with low overpotential and small Tafel slope.39-40 However, their scarcity, 
high cost, and poor durability prohibit their practical applications.41-43 Exploring efficient 
and earth-abundant OER electrocatalysts is extremely important to overcome the 
bottleneck of water splitting. Transition metals, such as Ti, Fe, Co, Ni, Mn, Sn, and V 
hydroxides/oxides and their derivatives with remarkable OER catalytic activity have 
attracted great attention recently.44-51  
Among all the mentioned electrocatalysts, Ni-based oxides and hydroxides are of 
particular significance, due to their earth-abundance, low-cost, corrosion resistance in 
alkaline solution and extraordinary electrocatalytic activity towards OER.52-53  One of the 
most interesting discoveries was Fe impurities in Ni(OH)2 can greatly lower the OER 
overpotential and dramatically enhance their OER activity.54-58 Water electrolysis 
industry have already utilized stainless steels (an alloy consisting of Fe, Ni, and Cr) as 
OER catalysts.62-64 Even though a detailed understanding of the Fe impurity effect is still 
lacking, Fe incorporated Ni hydroxides/oxides have been identified as one of the most 
active electrocatalysts in alkaline media, whose activity closely approaches or even 
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outperforms those precious metal benchmarks.59-61   
However, these metal hydroxides usually suffer from their low conductivity, 
which might inhibit their OER activity as electrocatalysts. In order to achieve better 
catalytic performance, we report the microwave-assisted synthesis of ultrathin Ni 
hydroxides nanosheets with different amount of Fe incorporation. Two-dimensional 
ultrathin nanosheets have high surface area and extraordinary electronic properties, which 
could be promising candidates as electrocatalysts. However, traditional methods to obtain 
ultrathin nanosheets remain sophisticated and time consuming. The microwave-assisted 
solvothermal method could be a promising way to obtain ultrathin nanosheets. The 
details of preparation, characterization, and catalytic performance of ultrathin Ni1-
xFex(OH)2 nanosheets are presented in Chapter II. 
The electrochemical reduction of CO2 is the conversion of CO2 to more reduced 
chemical species using electricity. With the most oxidized form of carbon atom, the 
electrochemical reduction of carbon dioxide to more reduced chemical species (methane, 
ethylene, ethane, etc.) needs significant energy input to overcome the intrinsic 
thermodynamic cost.65-67 Table 2 lists the potentials of electrochemical reduction of CO2 
in the presence of a proton source at pH 7 vs. standard hydrogen electrode (SHE). Due to 
a rearrangement from a linear to the bent structure, a significant energy penalty (-1.90 V 
vs. SHE) is required to reduce CO2 to the radical. In contrast, in the presence of proton 
sources, electrochemical reduction of CO2 to other organic feedstocks, such as carbon 
monoxide (CO), formaldehyde (H2CO), methanol (CH3OH), and methane (CH4), needs 
significantly less energy cost. The presence of proton sources makes these 
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transformations more electrochemically favorable, however, it also makes the catalyst 
system more complex with the management of the multiple protons/electrons.  
Table 2 Electrochemical reduction of CO2 in the presence of a proton source (aqueous 
solution, pH 7, vs. standard hydrogen electrode (SHE))68 




·- -1.90 V 
CO2 + 2e
- + 2H+ → CO + H2O -0.53 V 
CO2 + 4e
- + 4H+ → H2CO + H2O -0.48 V 
CO2 + 6e
- + 4H+ → CH3OH + H2O -0.38 V 
CO2 + 8e
- + 8H+ → CH4 + 2H2O -0.24 V 
 
At pH 7, the thermodynamic potential of CO2 reduction to CO is -0.53 V vs 
standard hydrogen electrode (SHE) while HER requires a less negative potential, -0.413 
V vs SHE. Moreover, in aqueous solution, the standard potential for CO2 reduction is 
similar to that for H2 evolution in aqueous electrolytes. Therefore, it is imperative to 
develop CO2 reduction catalysts with particularly high selectivity over HER in the 
presence of H2O or other proton sources that may divert reducing power and lower 
Faradaic efficiency. Thus, it is highly desirable to design a suitable catalyst to selectively 
reduce CO2 to CO over HER.
69-73 
Discrete molecular catalysts offer the advantage of direct catalytic activity tuning 
through ligand modification and direct catalyst performance testing through 
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spectroscopic detection, the molecular-level mechanistic understanding of catalytic active 
sites also help further improvement of catalysts development for CO2 reduction. 
The intrinsic properties of the metal center and the appropriate balance of 
electronics generated from the ligands have established several metal coordinated 
molecular architectures, such as (CoII, NiII)80, (Fe0) porphyrins74, (MnI, RuII, RhIII, ReI, 
IrIII) phthalocyanines/polypyridines75-76, and (RhI, PdII, IrIII) phosphines77, which could 
function as electrocatalysts for CO2 reduction. Most of which require sophisticated 
synthetic routes and/or are moisture/air sensitive. N4-macrocycles (cyclam) coordinated 
Ni complexes reported by Sauvage et al. exhibited high selectivity for CO2 reduction over 
HER.78-79 Only a limited number of nickel catalysts have been reported showing 
comparable or better performance than the [Ni(cyclam)]2+ system.80 A number of planar 
tetradentate ligands have been employed in the development of nickel-based catalysts for 
CO2 reduction following the design principle of [Ni(cyclam)]
2+.81 Chapter III of this 
thesis describe the synthesis, experimental and computational characterization, and 
evaluation of a nickel complex coordinated with a pyridyl-biscarbene pincer-type ligand 
which shows high selectivity for electrocatalytic CO2 reduction over HER. We reason 
that a tridentate pincer-type ligand would also support Ni2+ in a pseudo square planar 
geometry if the fourth site can be occupied by a labile solvent molecule, which not only 
allows the accessibility of the apical site of the nickel center towards CO2 but also might 
lead to an exchange of the bound solvent molecule and CO2 at one of the equatorial sites, 
enriching the interaction mode of CO2 with the catalyst.
83 The utilization of 
electrochemical methods provides further insight into the factors that affect CO2 
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reduction (redox potentials, electron transfer rates, chemical kinetics) and assist in 
elucidating mechanistic pathway(s) towards product formation.84 
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Ultrathin Iron-Doped Nickel Hydroxides Nanosheets for Electrocatalytic Water 
Oxidation 
2-1 Background 
During the last few decades, significant research efforts on graphene systems have 
risen exponentially, due to their atomic-layered thickness and two-dimensional (2D) 
morphology.1-4 These outstanding properties of graphene have encouraged the exploration 
of other kinds of 2D nanomaterials, like metal chalcogenides, transition metal oxides, 
carbon nitrides, etc.5-9 As the results of the intriguing properties, such as direct band gap 
transition, high electron mobility, gigantic specific surface area, and superior catalytic 
activity, these 2D nanomaterials occupy an important place in a variety of important 
applications, such as optoelectronics, spintronics, catalysts, chemical/biological sensors, 
supercapacitors, solar cells, and lithium ion batteries.10-19 However, the way to obtain 2D 
nanomaterials, especially those with confined thickness, have remained conspicuously 
absent from report until the recent emergence of delamination of layered compounds into 
single layers.20-22 However, only a few 2D metal oxides that have suitable layered host 
crystals have been obtained via exfoliation, the preparation of homogeneous 2D nanosheets 
on a large scale is also a big challenge. Thus, a generalized strategy with high yield for the 
synthesis of 2D materials is extremely desirable to meet the growing demand in various 
applications.22 Herein, we present a facile microwave-assisted method for scalable 
synthesis of nickel hydroxides nanosheets with varying iron incorporation. These ultrathin 
nanosheets demonstrate excellent performance for the electrocatalytic oxygen evolution 
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reaction (OER).    
The oxygen evolution reaction (OER) that includes four proton-coupled electron 
transfer and oxygen-oxygen bond formation is a complex reaction in water splitting. The 
slow kinetics makes OER require a substantial overpotential, resulting in a large energy 
loss.23-27 Therefore, efficient and low-cost OER catalysts are highly desirable.28-30 Iridium 
and ruthenium dioxides are the state-of-the-art OER electrocatalysts with low overpotential 
and small Tafel slope. However, these catalysts usually suffer from their scarcity, high cost, 
and are not suitable for industrial application. Exploring efficient and earth-abundant OER 
electrocatalysts is extremely important to overcome the bottleneck in water splitting.33-34  
Due to the earth-abundance, comparable catalytic activity and stability under 
alkaline condition, first-row transition metals (Co, Ni, Fe, etc.) are highly preferred as OER 
catalysts.35-37 Ni-based compounds have been shown to be among the most active OER 
catalysts under alkaline condition.38 Corrigan et al. showed that Fe impurities in alkaline 
electrolytes dramatically affected the OER activity of NiOxHy electrodes by greatly 
lowering the OER overpotential when he was studying for nickel-metal-hydride 
batteries.39-41 This discovery had inspired many scientists to optimize Fe content and 
synthesize various NiFe mixed compounds to obtain better OER catalysts.42-45 For 
instance, cathodic electroreduction of mixed NiFe salt to obtain NiFe alloy exhibits high 
durability but relatively low activity due to its highly crystalline phase. Dai’s group 
developed an ultrathin NiFe layered double hydroxides (LDH) nanoplates (thickness ~5 
nm) with/without carbon nanotubes which could deliver current density (5 mA/cm2) at 
small overpotential (~250 mV) with a Tafel Slope of 31 mV/dec in 1.0 M KOH at a loading 
amount of 0.25 mg/cm2.50 However, the way to obtain NiFe LDH/CNT remain 
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sophisticated and systematic study about the amount of Fe incorporation and the role of Fe 
in these synthesized Ni-based materials are not well-documented. Recently, Boettcher’s 
group reported an electrochemical measurement of the electrodeposited Ni1-xFex(OH)2/Ni1-
xFexOOH thin film to investigate the changes in electronic properties, OER activity, and 
structure as a result of Fe incorporation.51 They suggested that Fe was an essential 
component of the active site for the OER, and NiOOH served primarily as the electronic 
conductive and chemically stable host that enhances the activity of Fe-based active sites in 
the most-active mixed-cation phases.51 However, the yield of electrodeposition is relatively 
low and the performance of OER is depending on the electrode substrate, which might 
hinder their practical application.52  
Herein, scalable Fe-doped Ni(OH)2 nanosheets were successfully synthesized in 
one step via a microwave-assisted solvothermal method. Composition, morphology and 
crystallinity of these synthesized Ni1-xFex(OH)2 were characterized by inductively coupled 
plasma mass spectrophotometer (ICP-MS), scanning electron microscopy (SEM), atomic 
force microscopy (AFM), powder X-ray diffraction (XRD), and X-ray photoelectron 
spectroscopy (XPS). The OER activity Ni(OH)2 nanosheets with different percentage of 
Fe incorporated was investigated by using linear sweep voltammetry (LSV) and comparing 
current density, overpotential, and Tafel slope under the same condition. Cyclic 
voltammetry (CV) and electrochemical impendence spectroscopy (EIS) were also 
conducted to investigate the role of Fe in the Ni(OH)2 nanosheets. It was found that the 
Ni0.78Fe0.22(OH)2 nanosheets exhibited the highest OER activity and excellent durability 
among all the synthesized Ni1-xFex(OH)2 (x  0, 0.01, 0.05, 0.10, 0.14, 0.22, 0.29) samples 
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under the alkaline condition, which could be a promising OER catalyst candidate for 
practical application.       
2-2 Experimental section  
2-2-1 Synthesis: 2x (x = 0.01, 0.05, 0.10, 0.15, 0.20, 0.30) mmol iron acetate, 2(1-
x) mmol nickel acetate, and 2 mmol hexamethylenetetramine (HMTA) were added into 17 
mL deionized water under vigorous stirring for 30 min to form transparent solutions (see 
Table S1), respectively. Then the above-prepared solutions were heated at 120 °C for 10 
min in a microwave reactor (CEM 908005 Discover Laboratory Microwave Digestion 
Reactor Synthesis System 300W). The microwaved solutions were allowed to cool down 
to room temperature and the final products were collected by centrifuging at 6500 rpm. 
The resulting solids were washed with water and ethanol many times and then dried under 
vacuum. 
 2-2-2 Characterizations: SEM was conducted on a FEI QUANTA FEG 650. 
Elemental analysis of nickel and iron was obtained on a Thermo Electron iCAP ICP-MS 
at the Analytical Laboratory of USU. AFM measurements were performed in contact mode 
using a Bioscope head and motorized Digital Instruments (Bruker) backplane. Nitrogen 
sorption isotherms were measured at 77 K with an autosorb iQ automated gas sorption 
analyzer (Quantachrome Instruments, USA). Before measurements, the samples were 
degassed in a vacuum at 200 °C for at least 5 h. The Brunauer-Emmett-Teller (BET) 
method was utilized to calculate the specific surface area.53 XRD was recorded on a Rigaku 
MiniflexII Desktop X-ray diffractometer. The XPS analyses were performed using a 
Kratos Axis Ultra instrument (Chestnut Ridge, NY) at the Surface Analysis Laboratory, 
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Utah Nanofab. The samples were affixed on a stainless steel Kratos sample bar, loaded into 
the instrument's load lock chamber and evacuated to 5 × 10-8 torr before it was transferred 
into the sample analysis chamber under ultrahigh vacuum conditions (~10-10 torr) X-ray 
photoelectron spectra were collected using the monochromatic Al Kα source (1486.7 eV) 
at a 300 × 700 μm spot size. Low-resolution survey and high-resolution region scans at the 
binding energy of interest were collected for each sample. To minimize charging, all 
samples were flooded with low-energy electrons and ions from the instrument's built-in 
charge neutralizer. The samples were also sputter cleaned inside the analysis chamber with 
1 keV Ar+ ions for 30 seconds to remove adventitious contaminants and surface oxides. 
XPS data were analyzed using CASA XPS software, and energy corrections on high-
resolution scans were calibrated by referencing the C 1s peak of adventitious carbon to 
284.5 eV.54  
2-2-3 Electrochemical measurements: Electrochemical measurements of CV and LSV 
were performed by a computer-controlled electrochemical workstation (Gamry Interface 
1000). Rotating disk electrode, Pt wire, and Ag/AgCl (saturated KCl) were used as the 
working, counter and reference electrode, respectively. The potential herein was referenced 
to the reversible hydrogen electrode (RHE) through calibration via Pt as the working 
electrode. 6 mg catalyst and 100 L 5 % Nafion solution were dispersed in 3 mL of water-
ethanol solution (v/v: 1/2). The above catalyst mixture was sonicated in ice-cold water for 
1 h to form a homogeneous ink. Subsequently, a certain volume of the catalyst ink was 
drop cast onto a rotating disk electrode (3 mm diameter, 0.07065 cm2 geometric area). 
Finally, the catalyst-loaded working electrode was dried at room temperature. Before each 
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electrochemical measurement, 1.0 M purified KOH was purged with N2 for at least 20 min. 
The linear sweep voltammetry curves were obtained by sweeping the potential from 1.023 
V to 1.823 V vs. RHE with a scan rate of 5 mV/s.  
The values of mass activity (A/g) were calculated from the different catalyst loading 
amount and the measured current density j (mA/cmgeo
2) at  = 0.35 V.  









Here, j (mA/cm2) is the measured current density at = 0.35 V. Sgeo (0.07065 cm
2) is the 
surface area of glassy carbon electrode, the number 4 means 4 electrons per mole of O2, F 
is Faraday’s constant (96485.3 C/mol), and n is mol of three different active species 
involved in OER.55 
Chronopotentiometry measurements were carried out in 1.0 M KOH at a constant 
current density of 10 mA/cm2 by loading the catalyst ink onto Ni foam (0.5×0.5 cm2) with 
catalyst loading amount of 0.5 mg/cm2.   
The electrochemically active surface area was estimated by measuring the double-
layer capacitance of each catalyst via cyclic voltammetry in a non-Faradaic region. The 
charging current, ic, is equal to the product of the electrochemical double layer capacitance, 
Cdl, and the scan rate, v, as shown in the following equation.  




The EIS measurements were performed over a frequency range from 20 KHz to1 MHz 
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at the voltage range of 1.533 to 1.573 V vs. RHE. The obtained data were fitted by Gamry 
Analyst software.  
2-3 Results and Discussion 
 
Figure 1 Schematic of the synthesis of Ni1-xFex(OH)2 nanosheets. 
 
Figure 2 SEM images of Ni0.99Fe0.01(OH)2 (a), Ni0.95Fe0.05(OH)2 (b), Ni0.89Fe0.11(OH)2 (c), 
Ni0.84Fe0.16(OH)2 (d), Ni0.78Fe0.22(OH)2 (e), and Ni0.71Fe0.29(OH)2 (f). 
Table 3 Original Fe: Ni atomic ratio and the resulting atomic ratio measured via ICP-MS. 
Original Fe: Ni x in Ni1-xFex(OH)2 
1: 99 0.01 
5: 95 0.05 
10: 90 0.10 
15: 85 0.14 
20: 80 0.22 





Figure 3 SEM (a, b), AFM (c, d), and height profiles (e, f) of Ni(OH)2 (a, c, e) and 
Ni0.78Fe0.22(OH)2 (b, d, f). 
The modified synthesis procedure of Fe-doped Ni-based hydroxides nanosheets 
was schematically depicted in Figure 2.56 As Fe plays a crucial role in OER, by simply 
adjusting the molar ratios between the starting nickel and iron precursors in the HMTA 
solution and heating via a microwave-assisted solvothermal method,56 we were able to 
obtain ultrathin Ni(OH)2 with different percentages of Fe incorporated. Comparing with 
reported method, heating for 12 hours, the completely microwave-assisted process only 
took 10 minutes.56 The final products were centrifuged down and washed many times to 
remove surfactants (see experimental details). The amount of Fe was quantitatively 
confirmed by an ICP-MS technique. Table 2.1 shows the percentages and nominations of 
these samples.  The morphology and thickness of these synthesized Ni1-xFex(OH)2 (x  0, 
0.01, 0.05, 0.10, 0.14, 0.22, 0.29) samples was revealed by SEM and AFM. As shown in 
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Figures 2 and 3, the SEM images of these synthesized samples all present the nanosheet 
morphology. The real thickness of both Ni(OH)2 and Ni0.78Fe0.22(OH)2 is ~0.8 and ~0.7 nm 
with different sizes ranging from 500 nm to 10 µm, indicating the synthesized samples are 
1~2 layers. The calculated specific surface areas based on BET are 73 and 157 m2/g for 
Ni(OH)2 and Ni0.78Fe0.22(OH)2, respectively (Figure 4). 
 




Figure 5 Energy-dispersive X-ray spectra of Ni0.78Fe0.22(OH)2.  
 
Figure 6  Elemental distribution throughout the nanosheets examined using HAADF-
STEM (a) and the corresponding elemental mappings of (b) O, (c) Fe, (d) Ni for the 
synthesized Ni0.78Fe0.22(OH)2. 
The composition and distribution of elements in Ni0.78Fe0.22(OH)2 nanosheets were 
further analyzed by energy-dispersive X-ray spectrum (EDS) and elemental mapping. As 
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shown in Figures 5 and 6, Ni, Fe, O and C are the only elements presented in 
Ni0.78Fe0.22(OH)2 nanosheets. The signal of C is attributed to the substrate. All Ni, Fe, and 
O were found homogeneously distributed over the entire nanosheets. The crystallinity of 
Ni(OH)2 and Ni0.78Fe0.22(OH)2 nanosheets was confirmed by XRD measurements, both 
Ni(OH)2 (black) and Ni0.78Fe0.22(OH)2 (red) nanosheets show broad peaks at 2 = 34 and 
59.8, which could readily match the (101) and (110) reflections of Ni(OH)2·0.75H2O 
(JCPDS card #38-0715) (Figure 7). The disappearance of other peaks may be due to their 
two-dimensional structures. 
 








Figure 9 XPS spectra of Ni0.78Fe0.22(OH)2: survey (a) and the spectral regions of Ni 2p (b), 




Figure 10 (a) Linear sweep voltammograms of Ni1-xFex(OH)2 nanosheets loaded on 
rotating disk electrode (RDE), scan rate = 5 mV/s. (b) The corresponding Tafel plots of 
Ni(OH)2(black line) and Ni0.78Fe0.22(OH)2 (red line). The dash lines are the linear fittings.  
Finally, XPS was carried out to probe the valence states of Ni, Fe, and O in those 
nanosheets. Figures 8 and 9 compare the survey spectra of Ni(OH)2 and Ni0.78Fe0.22(OH)2. 
All the observed peaks can be assigned to anticipated elements, including Ni, Fe, O and 
adventitious C. The high-resolution Ni 2p spectra displays peaks at 871.2 eV and 854.5 
eV, corresponding to Ni 2p3/2 and 2p1/2 features, respectively, indicating the oxidized Ni 
species predominately present in Ni2+ cations.54-55 The essentially similar binding energies 
of Ni 2p peaks of Ni(OH)2 and Ni0.78Fe0.22(OH)2 were well anticipated. The Fe 2p peaks 
for the Ni0.78Fe0.22(OH)2 centered at 709.6 and 723.4 eV, could be assigned to Fe
2+ 
cations.56 The O 1s peaks present at 528.9 and 529.5 eV for both Ni(OH)2 and 
Ni0.78Fe0.22(OH)2, can be associated with physi-/chemi-absorbed molecular water.
57 All the 
above results are in consistence with previously reported literature. In summary, the 
aforementioned experimental results, including those ICP-MS, SEM, AFM, EDS, BET, 
XRD, and XPS, confirmed the formation of Ni(OH)2 and Ni0.78Fe0.22(OH)2 nanosheets with 
atomic-thin layers. The electrocatalytic OER performance of these synthesized Ni1-
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xFex(OH)2 (x  0, 0.01, 0.05, 0.10, 0.14, 0.22, 0.29) samples, was first evaluated via linear 
sweep voltammetry (LSV) in an alkaline electrolyte (1 M KOH). 
 
Figure 11 (a) Current density at 1.8 V vs. RHE. (b) Overpotential at J = 10 mA /cm2 of     
Ni1-xFex(OH)2 (x = 0, 0.01, 0.0.5, 0.10, 0.14, 0.22, 0.29) loaded on RDE (2000 rpm) in 
1.0 M purified KOH, scan rate = 5 mV/s. 
A typical three-electrode configuration was utilized, where the working electrode 
was prepared by dropping each catalyst ink onto the surface of a rotating disk glassy 
carbon electrode with a loading amount of 0.07 mg/cm2.54 Figure 10 compares the LSV 
curves of Ni1-xFex(OH)2 at a scan rate of 5 mV/s and a rotation rate of 2000 rpm. All the 
synthesized Ni1-xFex(OH)2 enabled electrocatalytic OER under positive bias, but there 
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was a marked difference in OER performance. It is apparent that Ni0.78Fe0.22(OH)2 
exhibited the smallest onset and was able to reach a current density of 10 mA/cm2 at an 
overpotential () of 315 mV and a large current density of 1270 mA/cm2 at 1.8 V vs. 
RHE. The current density at 1.8 V vs. RHE and overpotential at a current density of 10 
mA/cm2 are depicted in Figure 11a, which shows that the current densities at 1.8 V vs. 
RHE were enhanced by 2.5-, 3.6-, 7.8-, 9.3-, 18.9- and 9.7-folds upon incorporation of Fe 
compared with that of Ni(OH)2. Figure 11b shows that the overpotential at a current 
density of 10 mA/cm2 were decreased by 30, 50, 75, 105, 145, and 115 mV upon 
incorporation of Fe compared with that of Ni(OH)2. Figure 10b shows the corresponding 
Tafel slope of Ni0.78Fe0.22(OH)2 and Ni(OH)2. Linear fitting of the Tafel plots gives the 
Tafel slope of 35 and 60 mV/dec for Ni0.78Fe0.22(OH)2 and Ni(OH)2, respectively. Besides 
current density, overpotential and Tafel slope, we also calculated the mass activity of Ni1-
xFex(OH)2 samples at  = 0.35 V (Table 4), where the Ni0.78Fe0.22(OH)2 nanosheets 
exhibited the largest mass activity of 96.75 A/g, which was 53 times that of Ni(OH)2 
nanosheets. 
Table 4 Mass activity and turnover frequency of Ni(OH)2 and Ni0.78Fe0.22(OH)2 nanosheets 
at  = 0.35 V.   
X in Ni1-xFex(OH)2 0 0.01 0.05 0.10 0.15 0.22 0.29 
Current density 
(mA/cm2) 
0.1266 0.9734 0.9865 2.1208 6.5511 6.7729 1.2042 
Mass activity (A/g)* 1.8085 13.905 14.0928 30.297 93.587 96.75 17.203 
Turnover frequency 
(s-1)a 
0.0004 0.0034 0.0035 0.0073 0.0226 0.0233 0.0041 
Turnover frequency 
(s-1)b 
- 0.34 0.07 0.073 0.151 0.1059 0.0141 
a Assume that Ni and Fe ions are catalytically active for OER  
b Assume that only Fe ions are catalytically active for OER 
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Ni0.78Fe0.22(OH)2 0.07 1 M 320 35 This Work 
Ni(OH)2 0.07 1 M 470 60 This Work 
PtO–Ni2+O 
(OH)2-δ 
- 0.1 M 445 - 
Nat Mater 2012, 11, 
550-557. 
Co-Ni LDH On 
FTO glass 
~0.02 1 M 900 230 
Phys Chem Chem Phys 
2013, 15, 7363-7369. 
NiCo LDH-4 on Ni 
foam 
- 1 M 419 143 




0.1 1 M 289 48 
Angew. Chem. Int. Ed. 
2014, 53, 7547-7551. 
Metallic Ni3N 
nanosheets 
0.285 1 M - 45 
Angew. Chem. Int. Ed. 
2014, 53, 7547-7551. 
Ni nanoparticles in 
N doped graphene 
0.91 0.1 M - 188.6 
Energy Environ Sci 
2013, 6, 3693-3699. 
Au/mesoporous 
Co3O4 
0.1 0.1 M 410 70 
Energy Environ Sci 
2013, 6, 3693-3699. 
CoP 
nanorods/carbon 
0.71 1 M 321 71 
ACS Catal. 2015, 5, 
6874-6878 
α-Ni(OH)2 0.2 1 M 331 42 
J. Am. Chem. Soc. 
2014, 136, 7077-7084 
This excellent OER activity of Ni0.78Fe0.22(OH)2 nanosheets was compared with 
other reported OER catalysts. As seen in Table 5, Ni0.78Fe0.22(OH)2 nanosheets are not only 
better than those of most of the high activity Ni-based electrocatalysts, such as metallic 
Ni3N
58, amorphous Fe6Ni10Ox
59, and 3D Ni-Co hydroxides nanotubes arrays60, but also 
better than those of the reported Co-based catalysts, such as Au/mesoporous Co3O4
61. If we 
assumed that all of the Fe and Ni ions were catalytically active, the turnover frequency 
(TOF) of Ni1-xFex(OH)2 samples at overpotential  = 0.35 V is calculated (Table 4). The 
TOF for Ni(OH)2 and Ni0.78Fe0.22(OH)2 nanosheets is 0.0004 and 0.023 s
-1, respectively. It 
is apparent that the incorporation of Fe has enhanced the OER activity by 57.5 times. It is 
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worth noting that these calculated TOFs represent the lowest limit since some of these 
assumed metal sites are inaccessible in the electrocatalysis reaction. If we assume that only 
Fe ions were catalytically active at overpotentials  = 0.35 V. The TOF of Ni0.78Fe0.22(OH)2 
is as large as 0.1059 s-1.  
 
Figure 12 Cyclic voltammograms of Ni1-xFex(OH)2 (x = 0, 0.01, 0.05, 0.10, 0.14, 0.22, 
0.29) samples tested on glassy carbon electrode (GCE), scan rate = 10 mV/s.  
Table 6 Integration of anodic and cathodic peaks from the cyclic voltammograms of Ni1-
xFex(OH)2.  
X in Ni1-xFex(OH)2 0 0.01 0.05 0.10 0.22 0.29 
Integration of anodic peak (mC) 56.6 326.7 278.9 318.7 364.4 64.9 
Turnover frequency (s-1)c 0.039 0.0526 0.0624 0.1175 0.3286 0.3277 
c Assume that the Ni2+ to Ni3+/4+ is the active species for OER.  
To further understand their performance trend and intrinsic activities, we also 
collected the CV measurements by loading those samples onto a glassy carbon electrode 
(GCE) with a loading amount of 0.07 mg/cm2 and at a scan rate of 10 mV/s. As shown in 
Figure 12, the incorporation of Fe gradually shifted the Ni(OH)2 peak to a more anodic 
region. Under the OER conditions, the partial-charge transfer between Fe and Ni2+/3+ could 
enhance the activity via a similar mechanism as the Au support.62 Adding Fe made it more 
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difficult to oxidize Ni2+ to Ni3+/4+, which needed more oxidizing power, thus possibly 
resulted in a faster OER kinetics.62 
 
Figure 13 Cyclic voltammograms of Ni1-xFex(OH)2 in 1 M KOH with scan rate 10 mV/s.  
We found that Ni0.78Fe0.22(OH)2 had the most positive anodic peak, which might be 
the reason for its superior OER activity. We also calculated the TOF by integrating those 
anodic peaks (Figure 13). If we assumed that the real active OER species were presented 
in the anodic peak, the largest integrated anodic peak (364 mC) and TOF (0.3286 s-1) were 
both found for Ni0.78Fe0.22(OH)2 (Table 6). All the above results all demonstrated the 
outstanding OER performance and superior kinetics of Ni0.78Fe0.22(OH)2. Aside from the 
OER activity, stability is another crucial factor to evaluate electrocatalysts. We loaded the 
Ni(OH)2 and Ni0.78Fe0.22(OH)2 catalysts onto Ni foam with a loading amount of 0.5 mg/cm
2 
and carried out chronopotentiometry measurements at 10 mA/cm2. As shown in Figure 14, 
the Ni(OH)2 nanosheets needed 1.56 V vs. RHE to maintain the current in 1.0 M purified 
KOH solution. In contrast, the Ni0.78Fe0.22(OH)2 nanosheets needed only 1.51 V vs. RHE 
to reach the same current. After 48 hours, negligible differences for both Ni(OH)2 and 
Ni0.78Fe0.22(OH)2 nanosheets could be observed, revealing the excellent durability of both 
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ultrathin nanosheets  
 
Figure 14 Chronopotentiometry curves of Ni(OH)2 (black) and Ni0.78Fe0.22(OH)2 (red) 
nanosheets coated on Ni foam in 1.0 M KOH at a current density of 10 mA/cm2. 
The electrochemically active surface area (ECSA) is another significant factor 
impacting the electrocatalytic performance of a catalyst. Since it is very challenging to 
directly measure the absolute ECSA, a widely adopted method is to derive the relative 
ECSA based on the measurements of the double-layered capacitance of Ni(OH)2 and 
Ni0.78Fe0.22(OH)2 nanosheets in the non-Faradaic region.
54 It is generally accepted that the 
double-layered capacitance is linearly proportionally to ECSA.63 The double layered 
capacitance of a catalyst can be conveniently deducted from CV measurements at various 
scan rates. For instance, the cyclic voltammograms of Ni(OH)2 (a) and Ni0.78Fe0.22(OH)2 at 
different scan rates are displayed in Figures 15. Plotting the difference in current densities 
of each anodic and cathodic scan versus the scan rate resulted in a linear relationship for 
each catalyst. Linear fitting of these plots produced capacitance values of 20.22 and 22.64 




Figure 15 Cyclic voltammograms of Ni(OH)2 (a) and Ni0.78Fe0.22(OH)2 (b) nanosheets in 
purified 1.0 M KOH from 0.823 V to 0.923 V vs. RHE. Scan rate: 1, 2, 5, 10, 20, 50, and 
100 mV/s. (c) The current density (E = 0.873 V vs. RHE) vs. scan rate plots of Ni(OH)2 
(black) and Ni0.78Fe0.22(OH)2 (red) nanosheets.  
 
Figure 16 An electrical equivalent circuit for both Ni(OH)2 and Ni0.78Fe0.22(OH)2 
However, the difference of roughness between Ni(OH)2 and Ni0.78Fe0.22(OH)2 is not 
a sufficient reason to explain the enhancement of OER performance. The conductivity of 
a catalyst is another important factor that affects its overall electrocatalytic performance. 
Electrochemical impendence spectroscopy (EIS) measurements were also performed to 
reveal the conductivity of for Ni(OH)2 (a) and Ni0.78Fe0.22(OH)2 over a frequency range 
from 20 KHz to1 MHz. Figure 4a-b present the EIS results of Ni1-xFex(OH)2 samples 
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measured at 1.543 V vs. RHE. The obtained data were fitted by Gamry Analyst software. 
 
Figure 17 (a) Nyquist plots of Ni1-xFex(OH)2 (x = 0, 0.01, 0.05, 0.10, 0.14, 0.22, 0.29) and 
(b) Ni(OH)2 (black) and Ni0.78Fe0.22(OH)2 (red) at 1.543 V vs. RHE. Electrochemical 
impedance spectra recorded in 1.0 M KOH over a series of potentials (1.533 - 1.583 V vs. 
RHE) associated with active O2 evolution of Ni(OH)2 (c) and Ni0.78Fe0.22(OH)2(d). 





















1.493 9.014 231.7 20.49 11.46 0.4369 46.93 0.8302 4546 1646 
1.503 9.010 147.6 20.30 10.01 0.4651 44.65 0.8325 3363 1590 
1.513 8.284 227.9 19.60 7.130 0.3301 49.48 0.8574 1148 1689 
1.523 9.170 147.5 24.28 8.775 0.3505 36.95 0.8513 1377 1594 
1.533 9.127 268.5 23.64 10.14 0.3626 38.51 0.8474 799.1 1693 
1.543 9.240 149.8 22.67 9.076 0.4159 38.65 0.8476 485.9 1737 
1.553 9.304 166.6 21.59 9.820 0.3767 34.35 0.8597 309.0 1789 
1.563 9.329 117.9 23.54 7.797 0.3706 33.51 0.8616 217.4 1848 
1.573 9.369 87.28 24.67 6.574 0.4561 37.42 0.8511 160.8 1906 
1.583 9.446 76.66 28.29 5.293 0.4659 37.00 0.8510 117.6 2053 
Note: S = siemens, s = second  
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1.493 9.939 272.2 8.805 4.869 0.6782 42.06 0.8658 691.7 1361 
1.503 10.27 589.6 9.824 0.688 0.8939 394.4 0.9296 6.674 12.43 
1.513 10.31 360.6 8.636 0.704 0.8937 374.0 0.9291 6.316 12.53 
1.523 10.20 59.37 8.048 4.144 0.7167 45.10 0.8614 174.4 1286 
1.533 10.31 44.17 8.093 3.630 0.7369 47.61 0.8577 110.2 1319 
1.543 10.33 31.89 8.405 3.283 0.7517 49.71 0.8544 75.39 1327 
1.553 10.46 28.14 8.917 2.912 0.7596 52.37 0.8488 50.39 1416 
1.563 10.50 20.62 9.037 3.045 0.7373 49.03 0.8498 37.30 1355 
1.573 10.64 25.00 10.22 1.759 0.8233 53.05 0.8364 20.45 2105 
1.583 10.36 35.46 10.94 1.048 0.8953 77.88 0.7889 0.8112 2285 
Note: S = siemens, s = second 
 
Figure 18 Tafel plots derived from the EIS fitting values of Ni(OH)2 (a) and 
Ni0.78Fe0.22(OH)2 (b) nanosheets. 
The Nyquist plots of the Ni(OH)2 and Ni0.78Fe0.22(OH)2 nanosheets all consist of a 
depressed semicircle in the high-frequency region (corresponding to charge transfer 
resistance, Rct) and a diagonal line with a slope of 45° at the end of EIS spectra, implying 
substrate diffusion-controlled kinetics.64 Apparently, the Ni0.78Fe0.22(OH)2 nanosheets 
exhibit a much lower Rct than that of Ni(OH)2 nanosheets, which suggests a higher charge 
transport efficiency of Ni0.78Fe0.22(OH)2. In order to gain a better understanding of the 
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kinetic properties exhibited by the Ni(OH)2 and Ni0.78Fe0.22(OH)2 nanosheets, we also 
recorded the EIS over a range of potentials associated with active O2 evolution. 
The EIS of Ni0.78Fe0.22(OH)2 and Ni(OH)2 nanosheets were measured every 10 mV 
between 1.533 and 1.583 mV vs. RHE in 1.0 M KOH. The electrode was allowed to 
stabilize at each potential for 15 cycles before the EIS measurement. The raw impedance 
data were fitted by an equivalent circuit model for depicted in Figure 16 and the simulated 
data are presented as a continuous line in Figure 17. The best-fit values of the equivalent 
circuit elements from the fitting procedure are listed in Tables 7 and 8. According to Lyons’ 
report65, the CfilmRfilm loop of the equivalent circuit model is attributed to the dielectric 
properties and the resistance of the underlying compact oxide film.65 The Cdl element 
models the double-layer capacitance; while Rsoln represents the electrolyte resistance.
65 The 
resistive elements Rs and Rp are related to the kinetics of the interfacial charge transfer 
reaction; while CPE is given the value of a capacitor.
65 By plotting log(Rfilm) against 
potential, we obtained the Tafel slope from the EIS fitting values. As shown in Figure 18, 
the Tafel slopes of Ni(OH)2 and Ni0.78Fe0.22(OH)2 nanosheets is 63.7 and 56.1 mV/dec, 
respectively. The double layer capacitances were also determined by using this circuit 
model. The averaged double layer capacitance of Ni(OH)2 and Ni0.78Fe0.22(OH)2 are 39.7 
and 119 μS*s-n. As it is well known, the effective surface area of materials of similar 
composition is proportional to its capacitance. The above results indicated that the 
Ni0.78Fe0.22(OH)2 had a larger double layer capacitance than that of Ni(OH)2, suggesting 
Ni0.78Fe0.22(OH)2 is more effective in enlarging the catalytically active surface area in 




In summary, we have successfully synthesized scalable Ni1-xFex(OH)2 (x  0, 0.01, 
0.05, 0.10, 0.14, 0.22, 0.29) nanosheets via a microwave-assisted solvothermal method. 
Compared with the traditional autoclave method, this microwave-assisted approach is very 
time and energy efficient. A detailed electrochemical study of the OER of these synthesized 
samples was conducted under strongly alkaline condition. Fe incorporated Ni(OH)2 
nanosheets was found to show a dramatic enhancement and intrinsic trend in their OER 
performance compared with that of Ni(OH)2. It was found that Ni0.78Fe0.22(OH)2 exhibits 
the best performance for electrocatalytic OER, which could be rationalized by its large 
surface area, high conductivity, and more intrinsic active species involved in OER. 
Excellent stability over 48 hours indicated that the Ni0.78Fe0.22(OH)2 nanosheets could be a 
promising OER catalyst candidate for practical applications.  
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A Nickel Complex with A Biscarbene Pincer-Type Ligand Shows High Electrocatalytic 
Reduction of CO2 Over H2O
2 
3-1 Background 
Catalytic conversion of CO2 to fuels and value-added fine chemicals has the 
potential to offset some fossil fuel combustion.1 To realize a large-scale deployment of 
CO2 reduction, it is critical to developing low-cost catalysts that selectively reduce CO2 
over competing H2 evolution reaction (HER). Heterogeneous transition-metal catalysts,
2 
such as Cu, Ag, Au, Sn, and Pd-based nanocomposites,3,4 have emerged as promising 
CO2 reduction catalysts, but the lack of molecular-level mechanistic understanding of 
catalytic active sites impedes further development. Discrete molecular/homogeneous 
catalysts offer the advantage of direct catalytic activity tuning through ligand design and 
direct catalyst performance testing through spectroscopic detection. 
The two-electron/two-proton reduction of CO2 to CO is an appealing process 
because CO can be directly utilized as a fuel or commodity chemical in mature industrial 
processes.1 At pH 7 the thermodynamic potential of CO2 reduction to CO is 0.53 V vs 
standard hydrogen electrode (SHE)5 while HER requires a less negative potential, 0.413 
                                                             
2 Adapted with permission from [Meili Sheng, Nan Jiang, Samantha Gustafson, Bo 
You, Daniel H. Ess and Yujie Sun, A nickel complex with a biscarbene pincer-type ligand 
shows high electrocatalytic reduction of CO2 over H2O, Dalton Trans., 2015,44, 16247-
16250. DOI: 10.1039/C5DT02916C. Received 29 Jul 2015, Accepted 12 Aug 2015, First 
published online 17 Aug 2015.]. Copyright 2015. The Royal Society of Chemistry. 




V vs SHE. Therefore, it is imperative to develop CO2 reduction catalysts with a 
particularly high selectivity over HER in the presence of H2O or other proton sources that 
may divert reducing power and lower Faradaic efficiency. Many molecular CO2 
reduction catalysts utilize ligands of porphyrins,6 phthalocyanines,7 polypyridines,8 and 
phosphines,9 most of which require sophisticated synthetic routes and/or are moisture/air 
sensitive. Nearly two decades ago, Sauvage et al. reported nickel complexes bearing N4-
macrocycles (cyclam) that exhibited remarkable high selectivity for CO2 reduction over 
HER.10 Since Sauvage’s seminal work, only a limited number of nickel catalysts have 
been reported showing comparable or better performance than the [Ni(cyclam)]2+ 
system.11 
Following the design principle of [Ni(cyclam)]2+, a number of planar tetradentate 
ligands have been employed in the development of nickel-based catalysts for CO2 
reduction.12 In contrast, we reason that a tridentate pincer-type ligand would also support 
Ni2+ in a pseudo square planar geometry if the fourth site can be occupied by a labile 
solvent molecule. Such a strategy not only allows the accessibility of the apical site of the 
nickel center towards CO2 but also might lead to an exchange of the bound solvent 
molecule and CO2 at one of the equatorial sites, enriching the interaction mode of CO2 
with the catalyst. Herein, we report the synthesis, experimental and computational 
characterization, and evaluation of a nickel complex coordinated with a pyridyl-
biscarbene pincer-type ligand which shows high selectivity for electrocatalytic CO2 
reduction over HER. 
3-2 Experimental Section 
All synthetic procedures were carried out under N2 unless otherwise noted. 1-
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methylimidazole, acetonitrile, and 2,6-dibromopyridine were purchased from Sigma-
Aldrich. Chloroform (Fisher Chemical), methanol (Pharmco), nickel acetate (Alfa Aesar), 
tetra-butylammonium bromide (TCI), dimethyl sulfoxide (Pharmco), silver 
trifluoromethanesulfunoate (Alfa Aesar) were all purchased from commercial vendors 
and used as received. Acetonitrile was distilled over calcium hydride and stored over 4Å 
molecular sieves. 
  Synthesis of CNCBr2: A mixture of 2,6-dibromipyridine (6.4 g, 26.7 mmol) and 
1-methylimidazole (8.8 g, 106.9 mmol) was heated in a sealed tube at 150 °C for 3 h. The 
resulting precipitate was collected by filtration, washed with chloroform (10 mL× 3) and 
diethyl ether (10 mL× 3), and dried under vacuum. The quantitative yield was typically 
obtained. 
  Synthesis of CNC(OTf)2: The obtained CNCBr2 was mixed with two equivalents 
of silver trifluoromethanesulfonate in methanol and stirred for 1 h at room temperature, 
followed by filtration to remove the silver bromide precipitate. The filtrate was dried to 
obtain the desired product which was recrystallized from methanol once. 
  Synthesis of [(CNC)Ni(NCCH3)] (OTf)2 (CNC-Ni): A mixture of CNC(OTf)2 
(1.6 g, 4.0 mmol), nickel acetate (0.80 g, 4.4 mmol), and tetra-butylammonium bromide 
(1.3 g, 4.0 mmol) in dimethyl sulfoxide (20 mL) was stirred at 50 °C for 12 h and then 
heated to 160 °C and stirred for 1 h. After cooling to room temperature, the resulting 
precipitate was collected by filtration, washed with acetonitrile (10 mL × 3) and 
chloroform (10 mL × 3) and dried under vacuum. Vapor diffusion of diethyl ether into 
the concentrated acetonitrile solution of [(CNC)Ni(NCCH3)] (OTf)2 yielded the light 
yellow crystalline needles of [(CNC)Ni(NCCH3)] (OTf)2. 
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X-ray crystallographic analysis: A clear light yellow prism-like specimen 
of C17H16F6N6NiO6S2, approximate dimensions 0.200 mm  0.270 mm  0.320 mm, was 
used for the X-ray crystallographic analysis. The X-ray intensity data were measured. 
The integration of the data using a triclinic unit cell yielded a total of 24115 reflections to 
a maximum θ angle of 29.81° (0.71 Å resolution), of which 6470 were independent 
(average redundancy 3.727, completeness = 96.9%, Rint = 2.50%, Rsig = 2.64%) 
and 5448 (84.20%) were greater than 2σ(F2). The final cell constants 
of a = 9.1515(7) Å, b = 11.4521(9) Å, c = 12.1239(9) Å, α = 75.583(3) °, β = 71.623(3)°, 
γ = 87.992(3)°, volume = 1166.55(16) Å3, are based upon the refinement of the XYZ-
centroids of reflections above 20 σ(I). Data were corrected for absorption effects using 
the multi-scan method (SADABS). The calculated minimum and maximum transmission 
coefficients (based on crystal size) are 0.7180 and 0.8090. The structure was solved and 
refined using the Bruker SHELXTL Software Package, using the space group P-1, with Z 
= 2 for the formula unit, C17H16F6N6NiO6S2. The final anisotropic full-matrix least-
squares refinement on F2 with 346 variables converged at R1 = 3.00%, for the observed 
data and wR2 = 8.07% for all data. The goodness-of-fit was 1.089. The largest peak in the 
final difference electron density synthesis was 0.664 e-/Å3 and the largest hole was -
0.490 e-/Å3 with an RMS deviation of 0.062 e-/Å3. On the basis of the final model, the 
calculated density was 1.814g/cm3 and F(000), 644 e-.  
All electrochemical measurements were performed using a Gamry Interface 1000 
potentiostat. Ann Ag/AgCl (sat. KCl) electrode was used as the reference electrode, a 
platinum wire as the counter electrode, and a glassy carbon electrode as the working 
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electrode. UV-vis spectra were collected on Agilent 8453 UV-visible spectrophotometer. 
Hydrogen and carbon monoxide produced during electrolysis or injected as standard 
gasses were measured via an SRI gas chromatography system 8610C equipped with a 
molecular sieve 13 packed column, a HayesSep D packed column, and a thermal 
conductivity detector. The oven temperature was maintained at 80 C and argon was used 
as the carrier gas. 
Determination of turnover frequency (TOF) 
TOF was determined based on a previously reported method.1 















where kcat is the rate constant of the catalytic reaction, [Q] is the substrate 
concentration, F is Faraday constant, v is scan rate (100 mV/s), np is the number of 
electrons in a reversible, non-catalytic reaction, R is the universal gas constant, T is 
temperature, ncat is the number of electrons required for the catalytic reaction (ncat = 2 for 
the reduction of CO2 to CO), icat is the is catalytic current, and ip is the peak current of the 
reversible and non-catalytic reaction. Background currents were subtracted when 
calculating icat and ip. 
3-3 Results and discussion     
The nickel [(CNC)NiBr]Br complex with a pincer-type biscarbene ligand 
(CNCBr2, Figure 19) was previously reported as a catalyst for Heck and Suzuki coupling 
reactions.13 To avoid the influence of redox active Br and Br2, we treated CNCBr2 with 
AgOTf (OTf = trifluoromethanesulfonate) to obtain CNC(OTf)2. Subsequent metalation 
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of CNC(OTf)2 with nickel triflate in CH3CN formed [(CNC)Ni(NCCH3)](OTf)2 (CNC-
Ni, Figure 19). Slow vapor diffusion of diethyl ether into the concentrated CH3CN 
solution of CNC-Ni produced light yellow crystalline needles. The structure of CNC-Ni 
was obtained by single crystal X-ray diffraction (Figure 19). As expected, the 
diamagnetic NiII CNC-Ni complex is in a pseudo square. 
 
 
Figure 19 Synthetic scheme of CNC-Ni and its crystal structure with thermal 
ellipsoids drawn at the 50% probability level. Two triflate counter ions and hydrogen 
atoms are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ni1N6 = 
1.8397(13), Ni1N5 = 1.8514(13), Ni1C11 = 1.9120(15), Ni1C1 = 1.9207(16); 
N6Ni1N5 = 176.59(6), N6Ni1C11 = 98.79(6), N5Ni1C11 = 81.55(6), 




Figure 20 (a) UV-visible absorbance of free ligand (black) and CNC-Ni (red) in 
acetonitrile under air. (b) Comparison of the UV-visible absorbance spectra of CNC-
Ni in acetonitrile under air (black), N2 (red), and CO2 (blue). 
 




Figure 22 (a) Cyclic voltammograms of CNC-Ni in 0.1 M NBu4PF6 in CH3CN under N2 
at different scan rates and (b) current densities at three redox peaks versus the square root 
of scan rate. 
The absorbance of CNC(OTf)2 only features a strong peak at 281 nm (4,681 M
-1 
cm-1) in the UV region, potentially due to a -to-* transition. To model this and other 
absorbances, we carried out (U)M06/LANL2TZ(f)(6-311+G(2d, p))//M06/LANL2DZ(6-
31G(d,p)) TD-DFT calculations in Gaussian 09 (see SI for details).14 With the implicit 
SMD15 solvent model for CH3CN the major excitation calculated above 250 nm is at 276 
nm. Indeed, this excitation is principally a -to-* (HOMO to LUMO) transition. 
The pale yellow solution of CNC-Ni shows a prominent peak at 290 nm (6,899 
M-1 cm-1) with two shoulder peaks at 268 nm (5,782 M-1 cm-1) and 318 nm (3,967 M-1 
cm-1). In addition, there exists another broad feature with a maximum at 377 nm (1,501 
M-1 cm-1). The major calculated excitation at 284 nm corresponds to ligand-to-metal 
charge transfer (LMCT) from HOMO-2 to LUMO (Figure 21). There is a TD-DFT 
excitation at 307 nm that corresponds to a weak HOMO-1 to LUMO transition. The TD-
DFT calculations also show a very weak transition at 361 nm, which can be attributed to 
an HOMO-LUMO excitation that results in LMCT. 
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In order to test whether CO2 is able to bind CNC-Ni, UV-visible absorbance was 
also measured under different atmospheres. As shown in Figure 20b, the perfect overlap 
of the absorbance spectra of CNC-Ni under air, N2, and CO2 excludes the possibility of 
CO2 binding to CNC-Ni prior to electrochemical reduction. Our DFT calculations also 
suggest that both CO2 and CO2/H2O apical coordination to CNC-Ni are not stable. 
Additionally, the coordination energy of CH3CN to CNC-Ni is ~25 kcal/mol and 
therefore at ambient temperature CO2 is also unlikely to interchange with CH3CN. 
  
Figure 23 Cyclic voltammograms of blank under N2 (dotted black) and CNC-Ni under 
N2 (solid black) and CO2 (solid red) in CH3CN with 0.1 M Bu4PF6 as the supporting 
electrolyte (scan rate: 100 mV/s). 
We next assessed the capability of CNC-Ni as an electrocatalyst for a CO2 
reduction in CH3CN. Figure 22 displays the cyclic voltammogram of CNC-Ni under N2. 
Two irreversible reduction peaks were observed at 1.19 and 1.38 V vs. Fc+/0 (Fc+/0 = 
ferrocenium/ferrocene redox couple; unless otherwise noted, all the potentials reported 
are versus Fc+/0.). Scanning towards further negative potential reveals a third irreversible 
peak at 1.77 V. The blank glassy carbon is redox-silent in this potential region. Plotting 
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the peak currents at these potentials versus the square root of scan rates leads to a linear 
relationship for each redox process (Figure 23), confirming the molecular nature of CNC-
Ni dissolved in the bulk electrolyte and no absorbed species on the electrode surface was 
contributing to the measured electrochemical signal. The free ligand CNC(OTf)2 only 
exhibits one irreversible peak at 1.79 V prior to 2 V under the same condition (Figure 
24). Because of the similarity between the third reduction peak (1.77 V) of CNC-Ni and 
the reduction peak (1.79 V) of CNC(OTf)2, the former is attributed to a ligand-based 
redox process. The calculated NiII/I absolute reduction free energy of CNC-Ni is 87.6 
kcal/mol. Relative to the experimental Fc+/0 couple value of 114.8 kcal/mol (4.98 V) in 
CH3CN, this results in a calculated Ni
II/I value of 1.19 V that is identical to experiment 
(see SI for prediction of alternative density functionals). A plot of the -spin density 
polarization for [(CNC)NiI(NCCH3)]
 + suggests that the excess spin density upon 
reduction of CNC-Ni occurs at the Ni metal center, but is also partially delocalized onto 
the CNC ligand framework. In CO2-saturated CH3CN, the first two reduction peaks of 
CNC-Ni remained at the same potentials (Figure 23), implying the parent nickel complex 
did not interact with CO2 substantially which is consistent with the UV-vis absorbance 
results. However, a current enhancement was observed prior to the third reduction peak, 
showing an onset at 1.55 V. Such a dramatic current increase is indicative of 
electrocatalytic CO2 reduction. It should be noted that the catalytic onset is less negative 
compared to that of Chang’s nickel catalyst for CO2 reduction (beyond 1.6 V) under a 




Figure 24 (a) Cyclic voltammograms of CNC(OTf)2 in 0.1 M NBu4PF6 in CH3CN under 
N2 (black) or CO2 (blue). (b) Cyclic voltammograms of CNC(OTf)2 in 0.1 M NBu4PF6 in 
CH3CN in the presence of 0.4 mM H2O under N2 (black) or CO2 (blue). Scan rate: 100 
mV/s. 
 
Figure 25 Cyclic voltammograms of CNC-Ni under (a) N2 and (b) CO2 with 
increasing addition of H2O from 0 to 1.1 mM. (c) The comparison of ic/ip versus the 
concentration of H2O ([H2O]) in CH3CN for CNC-Ni under N2 (black) and CO2 (red). 
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ic is the cathodic current at 1.77 V (N2) or 1.85 V (CO2); while ip is the cathodic 
current of the first reduction peak in each cyclic voltammogram. Background current 
from the blank glassy carbon electrode was subtracted in calculating ic/ip. 
Furthermore, the intrinsic turnover frequency of CNC-Ni calculated from its 
cyclic voltammogram in Figure 23 is 90 s1 higher than those (4  6 h1) of the reported 
nickel catalysts coordinated with tetradentate pyridyl-carbene ligands. The CNC(OTf)2 
free ligand exhibited negligible current enhancement under the same condition (Figure 
24), demonstrating the observed CO2 reduction was due to the intact CNC-Ni. Upon 
addition of water, further enhancement of catalytic current of CNC-Ni was observed 
under CO2 (Figure 25b). In contrast, as plotted in Figure 25a and Figure 25c, under N2 
CNC-Ni showed a negligible cathodic current enhancement upon addition of water, 
suggesting CNC-Ni was not effective in water reduction to produce H2. Further 
increasing water concentration beyond 0.8 mM did not lead to increased catalytic current 
under either N2 or CO2. We also evaluated the influence of D2O addition as shown in 
Figure 26, which did not exhibit any substantial difference from those upon addition of 
H2O under CO2. Although H2O facilitated CO2 reduction, the lack of a hydrogen isotope 
effect excludes proton transfer as a rate-limiting step. It should be noted that the addition 
of H2O did not affect the reduction feature of the free ligand CNC(OTf)2 under either 
CO2 or N2, demonstrating it was not effective in activating either CO2 or H2O. 
Long-term controlled potential electrolysis of CNC-Ni at 1.773 V for two hours 
in CO2-saturated CH3CN with 0.4 mM H2O was conducted (Fig. 3.9). Only CO was 
produced as the major product and no detectable H2 was obtained via gas 
chromatography (Fig. 3.10), further confirming the high selectivity of CNC-Ni for 
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electrocatalytic reduction of CO2 over H2O. Overall, these results demonstrated that 
CNC-Ni acts as a highly selective electrocatalyst for CO2 reduction over HER in the 
presence of a proton source and its catalytic rate is not limited by proton transfer. 
 
 
Figure 26 Cyclic voltammograms of CNC-Ni under CO2 with increasing addition of D2O 
from 0 to 1.1 mM. Scan rate: 100 mV/s 
 
 
Figure 27 Accumulated charge versus time during the 2-h controlled potential electrolysis 
of CNC-Ni (blue) and blank (red) in CO2-saturated CH3CN with 0.4 mM H2O at an 
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applied potential of 1.773 V vs Fc+/0. 
 
Figure 28 Gas chromatography after 2-h controlled potential electrolysis in CO2-saturated 
CH3CN with 0.4 mM H2O at 1.773 V vs Fc
+/0 for blank (top, black) and CNC-Ni 
(middle, red). Blue curves indicate the injected H2 (left) and CO (right) gasses as 
standards. 
Based on these experimental and computational results, a possible mechanism of 
CO2 reduction catalyzed by CNC-Ni proceeds via two consecutive one-electron 
reductions from NiII to Ni0, where CH3CN may dissociate and allow coordination of CO2. 
Subsequent proton facilitated steps result in the formation of CO. The exact catalytic 
intermediates and mechanistic steps are under further investigation. 
3-4 Summary  
We have presented a nickel complex supported by a pincer-type carbene-pyridyl-
carbene ligand exhibiting high selectivity for the electrocatalytic reduction of CO2 over 
H2O. The facile synthesis of the platform will allow us to modify the electronic 
substituents of the ligand, investigate the catalytic selectivity for reducing CO2 employing 
other first-row transition metals, and couple to chromophores for photocatalytic CO2 
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This thesis starts with the introduction of the growing energy demands, depletion 
of fossil fuel reserves, and growing concerns about climate change resulting from the 
fossil fuels combustion, and the significance of the exploration of green and sustainable 
energy resources.1 Electrolysis of water to form H2 and O2 and electrocatalytic reduction 
CO2 to value-added chemicals could be two promising approaches to alleviating our 
reliance on fossil fuels, which match growing energy demands, and simultaneously 
satisfy increasingly stringent environmental regulations because H2 and CO can be 
directly utilized as a fuel or commodity chemical in mature industrial processes.2-3 
However, due to the unfavorable thermodynamic and sluggish kinetics, to realize 
a large-scale H2 production and reduce CO2 to CO, it is critical to developing more-
efficient, earth-abundant catalysts that could overcome the slow kinetics of O2 evolution 
reaction and selectively reduce CO2 over competing H2 evolution reaction.
4-5 At present, 
typical water oxidation and carbon dioxide reduction catalysts are mostly based on noble 
metals, practical applications are limited by their scarcity and high cost.6-7 At the same 
time, the lack of molecular-level mechanistic understanding of catalytic active sites 
impedes further development.8-10  
Nickle derived materials are promising candidates with low cost and high 
catalytic activity. In the thesis, we include two nickel derived heterogeneous and 
homogeneous catalysts, which show promising catalytic performance towards water 
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oxidation and CO2 reduction. 
NiFe-based materials with better OER activity and stability under alkaline 
solution have gained tremendous research efforts in last few decades.10-14 The discovery 
that Fe impurities in alkaline electrolytes greatly lowers the OER overpotential had 
inspired many scientists to optimize Fe content and synthesize various NiFe mixed 
compounds to obtain better OER catalysts.15-20 However, the way to obtain NiFe-based 
materials remain sophisticated, the performance of OER is depending on the electrode 
substrate and systematic study about the amount of Fe incorporation and the role of Fe in 
these synthesized Ni-based materials are still not clear. In Chapter II, we report recent 
synthesis of scalable ultrathin Ni1-xFex(OH)2 (x  0, 0.01, 0.05, 0.10, 0.14, 0.22, 0.29) 
nanosheets via a microwave-assisted solvothermal method, which shows time and energy 
efficiency, comparing with the traditional autoclave method. A detailed electrochemical 
study of the OER of these synthesized samples was conducted under strongly alkaline 
condition (1.0 M KOH solution). Fe incorporated Ni(OH)2 nanosheets show a dramatic 
enhancement and intrinsic trend in their OER performance compared with that of 
Ni(OH)2. Ni0.78Fe0.22(OH)2 exhibits the best performance for electrocatalytic OER, which 
could be rationalized by its large surface area, high conductivity, and more intrinsic 
active species involved in OER. Moreover, the excellent stability over 48 hours indicates 
that the Ni0.78Fe0.22(OH)2 nanosheets could be a promising OER catalyst candidate for 
practical applications.  
At the same time, at pH 7, the thermodynamic potential of CO2 reduction to CO is 
larger than that of the HER, while the redox potential for CO2 reduction is similar to that 
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for HER in aqueous electrolytes, thus to realize a large-scale deployment of CO2 
reduction, it is critical to developing low-cost catalysts that selectively reduce CO2 over 
competing HER. Heterogeneous transition-metal catalysts, such as Cu, Ag, Au, Sn, and 
Pd-based nanocomposites, have emerged as promising CO2 reduction catalysts,
21-25 but 
the lack of molecular-level mechanistic understanding of catalytic active sites impedes 
further development.  
Owing to their well-defined active sites and tunable properties via structural/ 
electronic substituents, homogeneous (molecular) complexes have attracted much 
attention in developing catalytic systems for CO2 reduction. Innumerable homogeneous 
catalysts, which resemble the active sites of CO2-reducing enzymes, have been reported. 
However, these complexes usually suffer from insufficient rates and lack of chemical 
robustness for use in large-scale operations.  
Nickel complexes bearing N4-macrocycles (cyclam) that exhibited remarkable 
high selectivity for CO2 reduction over HER, however, only a limited number of nickel 
catalysts have been reported showing comparable or better performance than the 
[Ni(cyclam)]2+ system after Sauvage’s report. 
Following the design principle of [Ni(cyclam)]2+, in Chapter III, we report the 
synthesis, experimental and computational characterization, and evaluation of a nickel 
complex coordinated with a pyridyl-biscarbene pincer-type ligand which shows high 
selectivity for electrocatalytic CO2 reduction over HER, we reason that a tridentate 
pincer-type ligand would also support Ni2+ in a pseudo square planar geometry if the 
fourth site can be occupied by a labile solvent molecule. Such a strategy not only allows 
the accessibility of the apical site of the nickel center towards CO2 but also might lead to 
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an exchange of the bound solvent molecule and CO2 at one of the equatorial sites, 
enriching the interaction mode of CO2 with the catalyst. In contrast to the typical cyclam-
derivatized and/or -analogous tetradentate ligands, the pyridyl-biscarbene pincer-type 
ligand offers a new platform for the design and development of molecular catalysts for 
CO2 reduction, particularly with high selectivity over the competing HER. 
Despite all of the effort put into O2 evolution reaction and electrochemical CO2 
reduction, there are still many problems with the current catalysts and conditions, which 
must be addressed for these technologies to achieve widespread use. Understanding the 
basic mechanism could greatly facilitate the discovery of advanced OER and CO2 
reduction electrocatalysts with higher activity and stability, which would be essential in 
energy conversion and energy storage applications. Systematic and detailed in situ 
spectroscopic studies of heterogeneous and homogeneous catalysts are of pivotal 
importance for understanding the real active species, which is highly desirable and 
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